Summary. Isolated collagen fibrils from the bovine cornea and sclera were investigated by atomic force microscopy (AFM) in a non-contact mode. AFM imaging visualized the surface topography of both corneal and scleral collagen fibrils with quantitative information on their height and width. The corneal collagen fibrils had a height of 15.6+1.5nm and a D-periodicity of 63.9+0.5 nm. On the other hand, the height and D-periodicity of scleral collagen fibrils were 74.2+55.7 nm and 65.4+0.7nm, respectively. A periodic banding pattern of grooves and ridges was found in individual fibrils, although the groove depth was 2.81+0.29nm in the cornea and 5.47+0.66 nm in the sclera. When collagen fibrils were treated with acetic acid, they swelled and untwisted into subfibrils. The AFM is useful to analyze surface morphology of collagen fibrils and their subfibrils at high resolution with quantitative information.
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The atomic force microscope (AFM) was developed in 1986 (BINNIG et al., 1986 ) and belongs to a new family of scanning probe microscopes. This microscope has a sharp probing tip which scans at an atomic distance from the sample surface. By monitoring an interaction force between the tip and the sample surface, this instrument can visualize the topography of the sample surface. Although the image is similar to that of the scanning electron microscope, the AFM has an advantage in imaging non-conductive samples without metal coating or conductive treatment in a non-vacuous (i.e. air or liquid) environment. The AFM also has a potential for imaging the sample at high resolution from the micrometer scale to the atomic scale. Thus, recent investigators have attempted to apply the AFM to the observation of biological samples (for reviews, see LAL and JOHN, 1994; USHIKI et al., 1996) . AFM studies of collagen fibrils were first reported by CHERNOFF and CHERNOFF (1992) , who used reconstituted collagen fibrils for imaging. Subsequent investigators have applied the AFM to the investigation of collagen fibrils in the tendon (BASELT et al., 1993; REVENKO et al., 1994; ARAGNO et al., 1995; RASPANTI et al., 1996 RASPANTI et al., , 1997 and subcutaneous tissues (BASELT et al., 1993; GALE et al., 1995; USHIKI et al., 1996) .
In ocular tissues, there are only two reports which have demonstrated corneal and scleral collagen fibrils by AFM (FULLWOOD et al., 1995; MELLER et al., 1997) . However, it was difficult to analyze quantitatively the surface ultrastructure of individual collagen fibrils since these previous studies observed tissue sections or simply teased tissues.
The aim of the present study is to clarify by AFM the surface topography of individual collagen fibrils in both the cornea and sclera more precisely than before. For this purpose, we prepared isolated collagen fibrils from each tissue and observed them with a non-contact mode AFM. Thus, the present study clarifies the difference in diameter and D-periodicity between the corneal and scleral collagen fibrils from quantitative data by AFM. We also show AFM images of subfibrils which appeared in collagen fibrils treated with acetic acid.
MATERIALS AND METHODS

Preparation of isolated collagen fibrils
Native collagen fibrils Two adult bovine eyes were obtained immediately after death from a local abattoir. The cornea and sclera were dissected from the individual eyes and 372 S. YAMAMOTO et al.: stored in a freezer at -80t until examination. For AFM studies, the central cornea and the equator of the sclera were separately minced in saline with a razor blade at room temperature and shattered with a homogenizer (Polytron, Kinematica AG, Switzerland) in phosphate buffered saline to make suspensions of collagen fibrils in each region. Each suspension was incubated with chondroitinase ABC (0.1U/ ml, protease-free, Sigma, USA) at 37t for 12 h. Collagen fibrils in the suspensions were adsorbed to silane-coated glass slides (Matsunami, Japan) using a centrifuge (Auto Smear, Sakura, Japan) at 2000rpm for 5min and then dried in air. In order to remove salts on the glass slides, the slides were rinsed with distilled water for 5min, and again air-dried.
Acetic acid treated collagen fibrils
To clarify the subfibrillar architecture of corneal collagen fibrils, part of the suspended fibrils were treated with chondroitinase ABC as above and soaked in 0.5 M acetic acid for 45 min. The collagen fibrils adsorbed to glass slides by centrifugation were immersed into 1% glutaraldehyde in 0.5 M acetic acid for 10min, air-dried, rinsed with distilled water and air-dried again.
For the AFM observation of scleral collagen fibrils, small pieces of the equator part of the sclera were soaked in 0.1 M acetic acid for 5 min at room temperature. Samples were rent with needles on a glass slide, and air-dried.
AFM imaging
AFM studies were carried out using an SPA-300 scanning probe microscope controlled by an SPI 3700 probe station (Seiko Instruments Inc., Chiba, Japan). This microscope was equiped with a piezo translator with a maximum xy scan range of 20 j m width and a z range of 1.2um. Cantilevers used were rectangular, with a force constant of 15 N/m and a resonance frequency of 125 kHz (SI-DF20, Seiko Instruments Inc., Chiba, Japan). All images were obtained simultaneously as the height mode and the variable deflection mode of a non-contact mode in air. The scan speed was generally maintained at 1um per second. An image processing for leveling overall sample tilt was carried out. The height mode data are usually graphically displayed as a combined image, which is a mixture of gradation and shading images (UsHIKI et al., 1996) .
Statistical analysis
Thirty five collagen fibrils of the cornea and sclera were imaged with a scanning range of 1um. Scanning direction was set along the axis of collagen fibrils to avoid the influence of the sample drift. The width and height of each collagen fibril were directly measured from the topographical data. D-periodicity and the height between grooves and ridges (i.e., the depth of the gap zone) of the collagen fibrils were also obtained from the topographical images. The mean and standard deviation (SD) were calculated and analyzed statistically by the t-test.
RESULTS
AFM imaging in a non-contact mode displayed the surface topography of isolated corneal and scleral collagen fibrils, with quantitative information with regard to their height and width (Figs. 1, 2) . Line profiles between any two points on the images were obtainable as shown in Figure 3 .
Corneal collagen fibrils
Corneal collagen fibrils imaged by AFM were semicylindrical in profile with a width of 60-110 nm (76.4+11.4nm; mean+SD) and a height of 12-19 nm (15.6+1.5nm) (Figs. 1, 4) . The characteristic periodic pattern (D-periodicity) of grooves and ridges was clearly found on the surface of the fibrils. The banding period measured 62.7-64.2nm (63.9+0.5nm). The depth of the groove (gap zone) was concentrated between 2 and 3 nm (2.81+0.92nm), although it ranged from 1.6 to 7.2 nm (Fig. 5) .
In AFM images of acetic acid-treated specimens, individual collagen fibrils were swollen and untwisted into subfibrils (Fig. 6 ). These untwisted subfibrils took a winding course along the original fibrils, but it could not be determined whether they were arranged spirally within the fibrils.
Scleral collagen fibrils
Scleral collagen fibrils were imaged as a semicylindrical structure with a distinctive D banding pattern (Fig. 2) . The thickness of the fibrils varied: the width and height of fibrils were 80-550 nm (222+118nm) and 15-210 nm (74.2+55.7nm), respectively (Figs. 2,  4) . D-periodicity of the fibrils was 64.1-66.8 nm (65.4+ 0.7 nm), while the depth of the gap zones was 3.2-8.3 nm (5.47+0.66 nm). The mean difference in D-periodicity and depth of gap zones between the cornea and sclera was significant at the p<0.001 level. Quantitative data showed that the height of collagen fibrils correlated with the depth of gap zones; the higher the fibrils were, the deeper the gap zone (Fig.  5) . In AFM images of acetic acid-treated samples, collagen fibrils were swollen and helical cleavages appeared on the fibril surface (Fig. 7) . Some fibrils were further untwisted into subfibrils. Cross banding with D-periodicity was, however, still observed even on those untwisted collagen fibrils.
DISCUSSION
The present study has provided evidence that the AFM can produce high resolution images of collagen fibrils in the cornea and sclera with quantitative information in three dimensions. Although threedimensional ultrastructure of collagen fibrils has been generally studied by transmission electron microscopy (TEM) of freeze-fracture replicas and by scanning electron microscopy (SEM), this new approach using AFM has the following several advantages: 1) AFM has a potential for analyzing the structure at molecular resolution; 2) unlike those for TEM and SEM, samples for AFM can be directly observed without replicating or metal coating; 3) AFM images contain quantitative information on the sample height as well as the width; and 4) AFM can create images of samples even in a liquid environment.
Our findings have clearly shown that the profile of collagen fibrils is easily obtainable from AFM images. However, it is necessary to consider imaging distortion when we analyze the diameter of collagen fibrils from AFM data; collagen fibrils imaged by AFM are semicylindrical, because the side of the tip first contacts the collagen fibril during scanning, and the tip draws a domed trajectory. Thus, we adopted the height of the fibrils, not width, as their diameters. FULLWOOD et al. (1995) investigated tissue sections of the bovine cornea and sclera by a contact mode AFM and reported that corneal and scleral collagen fibrils had diameters of 35-48 nm and up to 900 nm, respectively. These dimensions were larger that ours probably because they adopted the width as the fibril diameter. Even in a recent report of the human cornea and sclera by a contact mode AFM, the width was also adopted sa the fibril diameter (MELLER et al., 1997) . Our findings have shown that corneal collagen fibrils have a uniform diameter of 12-19 nm, while scleral fibrils have various diameters ranging from 15 to 210nm. The bovine cornea and sclera were previously investigated by TAKAHASHI and TOHYAMA (1991) using conventional TEM of ultrathin sections; the diameter of corneal collagen fibrils in their study was within the range of 25-30 nm and that of scleral collagen fibrils ranged from 50 to 400 nm. Although the difference in diameter between AFM and TEM images is unaccounted for, there are several possible explanations. For example, the difference may arise from the age difference of the experimental animals. On the other hand, it may be necessary to take into consideration the influence of preparation artifacts (e.g. deformation by air-drying and the level of hydration). One may consider that the tip pushes the fibrils as tip-sample interactions, although we have adopted a non-contact mode AFM in which the interaction force between the tip and sample can be smaller than that in a contact mode AFM. It is interesting that the D-periodicity differs between corneal and scleral collagen fibrils. A similar finding has reported by MARCHINI et al. (1986) , who demonstrated in their TEM and X-ray diffraction studies that the D-periodicity of bovine corneal collagen fibrils was shorter than that of rat tail tendon collagen fibrils. They further showed that the subfibrils of the cornea ran helicoidally with an angle of about 18 to the fibril axis while those of tendon ran almost parallel to the fibril axis (0-5 inclination), and proposed that the different inclination angles of the microfibrils causes the difference of D-periodicity. Our findings on acetic acid-treated fibrils also indicate that both corneal and scleral collagen fibrils were composed of subfibrils. Thus, it is probable that the difference in D-periodicity between corneal and scleral fibrils is produced by the inclination of the subfibrils arranged in each fibril.
One advantage of AFM over TEM and SEM is its ability to measure the depth of the gap zone, i.e. the height between the grooves and ridges on collagen fibrils (ARAGNO et al., 1995; USHIKI et al., 1996) . Our report has clarified the difference in the depth of the gap zone between the cornea and sclera. We also showed that the depth of the gap is roughly proportional to the diameters of collagen fibrils, although there is a possibility that the gap might be augmented by surface tension of the water during air-drying (Fig. 5) . For more detailed study, it will be necessary to analyze the structure in a more natural (e.g., liquid) environment.
In the present paper we have demonstrated the three-dimensional surface morphology of collagen fibrils in the cornea and sclera by AFM. This technique can obtain high resolution images equal to or surpassing TEM and SEM images in an environment close to the native state. Further studies in a physiological condition should allow us detailed knowledge of the structure of corneal and scleral collagen fibrils.
